Abstract This study evaluated the bond strengths of conventional (chemically and dual-polymerized) and simplified resin-based luting cements with their corresponding adhesives to superficial dentin (SD) and deep dentin (DD). Recently extracted third molars (N=70, n=10 per group) were obtained and prepared for testing procedures. After using their corresponding etchants, primers, and/or adhesive systems, the conventional and simplified cements Ketac-Fil [group G, conventional]) were adhered incrementally onto the dentin surfaces using polyethylene molds (inner diameter 3.5 mm, height 5 mm) and polymerized accordingly. Resin-modified glass-ionomer cement (RMGIC) acted as the control material. Shear bond strengths (1 mm/min) were determined after 500 times of thermocycling. Kruskal-Wallis and Mann-Whitney tests were used to analyze the data (α=0.05). Bond strength (MPa) results were significantly affected by the cement types and their corresponding adhesive systems (p≤0.05). The shear bond strengths (MPa ± SD) for groups A-G were 14.6±3.8, 18.9±3.9, 5.5±4.5, 3.1±3.6, 1.1±2.5, 15.5±2.6, 7±4.3 and 7.1±5.8, 15.1±7.8, 8.4±7.3, 7.5±7.3, 4.9±5.1, 12.5±2.1, 6±2.6 for SD and DD, respectively. The level of dentin depth did not decrease the bond strength significantly (p>0.05) for all cements, except for Variolink II (p<0.05). On the SD, bond strength of resin cements with "etch-and-rinse" adhesive systems (Variolink II, Bifix QM, Super-Bond C&B) showed similar results being higher than those of the simplified ones. Simplified cements and RMGIC as control material showed inferior adhesion to superficial and deep dentin compared to conventional resin cements tested.
Introduction
The longevity of indirect fixed-dental-prostheses (FDP) could be affected by multiple factors including the cementation mode that is basically the final stage of consecutive clinical procedures. In principle, the primary function of the cementation is to establish reliable retention of the FDP, a durable seal of the space between the tooth and the restoration, and to provide adequate optical properties especially for ceramic or polymeric FDPs [1] . Today, adhesive properties of dental cements are of importance as it enables clinicians to perform minimal invasive restorations.
At present, dental cements are divided into two groups: water-based cements and polymerizing resin-based cements. Conventional dental cements such as zinc polycarboxylate and glass-ionomer cements (GIC) are based on polyacids such as polyalkenoate that set as the result of acid-base reaction within an aqueous environment [2, 3] and yield to lower adhesion to dental tissues [4] . Resin-modified glass-ionomer cements (RMGICs) containing hydrophilic monomers on the other hand, rely on the formation of a methacrylate-based network to augment the ionic cement structure through either grafting polymerizable double bonds onto a polyalkenoate backbone or by the incorporation of free radically polymerizable methacrylate monomers in the cement composition [5] . RMGICs are able to bond to dental tissues through the acidic functional groups capable of chelation with the calcium in hydroxyapatite [6] . As opposed to water-based cements and RMGICs, resin cements present negligible solubility, improved retention, better seal of the margins, and significantly improved aesthetic properties [7] [8] [9] [10] . Additionally, survival rates of FDPs cemented with polymerizing cements are reported to be better than with water-based cements [1] .
Adhesive properties of resin cements are generally dictated by the adhesive systems used to condition the dental tissues. Until recently, resin cements were divided into three subgroups according to the adhesive system used to prepare the tooth prior to cementation. The so-called chemical-or photo-polymerized conventional resin cements often utilize etch-and-rinse adhesive systems. In the other group, enamel and dentin are conditioned either using selfetching primers (simplified resin cements) or no conditioning of the tooth surface is required (self-adhesive resin cements). These materials were designed with the intent to simplify the cementation procedures while achieving also some degree of adhesion [11, 12] .
Resin cements, be it conventional or simplified, may perform differently depending on their adhesive systems, since the latter is primarily in contact with the dentin. Contemporary adhesive systems used in dentistry interact with the enamel/dentin substrate either by removing the smear layer (etch-and-rinse technique) or by partially dissolving the smear layer, penetrating through it, decalcifying underlying intertubular dentin, and impregnating any remaining smear layer for the bonding (self-etch technique) [13] . While the etch-and-rinse bonding technique initiates by a separate etching step using 35-37% phosphoric acid that is later rinsed away, the self-etch/ primer agent containing acidic monomers is only air-dried, thus remaining within the modified smear layer. The selfetch approach could also be called as "etch-and-dry" approach [14] . Such adhesives make the application less technique-sensitive for the clinicians [15] . Besides micromechanical interlocking through hybridization, specific functional monomers of "mild" or "intermediate" two-step self-etching adhesives were shown to interact chemically with residual hydroxyapatite crystals that remain available in the submicron hybrid layer [16] . While some studies reported higher bond strengths to dentin with two-step selfetching adhesives compared to one-step ones [17] [18] [19] , others reported comparable [20] or lower bonding efficacy to dentin [21, 22] . In fact, testing resin cements with their adhesives/primers after aging conditions would deliver more realistic results [23] . It can be anticipated that due to the acidic nature of the self-etch adhesives and their permeability [24] , after aging conditions in aqueous media, adhesion of simplified resin cements could be compromised.
Resin-bonded FDPs are usually bonded to enamel or superficial dentin (SD). However, full-coverage FDPs or extensive overlays are cemented to deep dentin (DD) since such restorations require more room for the restorative material. In previous studies, bond strengths of resin composites to dental tissues were found to be higher in SD than in DD [25] [26] [27] [28] . Since SD contains more intertubular dentin area and it is rich in collagen fibrils, it makes adhesion with resin-based materials favorable [9] . However, impaired adhesion could be expected on DD due to higher water content compared to SD [23] . Yet, this aspect was not studied for resin-based luting cements to date.
Therefore, the objective of this study was to evaluate the bond strength of conventional and simplified resin-based luting cements together with their adhesive/primer systems to SD and DD. The hypotheses tested were that (a) adhesion to DD would be lower than to SD and (b) resin cements having "etch-and-rinse" adhesive systems would deliver higher results than those of the simplified cements that are used in combination with self-etching adhesives.
Materials and methods
This study comprised eight cements of which five were conventional, two simplified resin-based, and one resinmodified glass-ionomer cements. Adhesive potential of these cements on SD and DD of third molar teeth was tested. The cements used in this study and the specific differences between the products studied are listed in Tables 1 and 2 .
Third molars (N=70) stored in distilled water with 0.1% thymol solution at room temperature were selected from a pool of recently extracted teeth. In order to determine that the enamel was free of caries, the exact location of cusp tips, enamel, dentin, and pulp horns of the teeth, initially one X-ray was taken.
The teeth were embedded using polymethylmethacrylate (PMMA, Condular AG, Wager, Switzerland) with their occlusal surfaces exposed in polyethylene rings (diameter 10 mm, height 12 mm). The apices of the teeth were shortened when they were longer than 10 mm.
Then, the cusps of the molars were removed in a trimmer (Isomet, Buehler Ltd., Lake Bluff, IL, USA) under watercooling until flat dentin surfaces were achieved. Dentin level after removal of cusp tips was considered as SD group. One millimeter below the SD level was indicated and considered as DD [9] . Only the specimens were included in the tests when dentin level and the highest point of the pulp horn was at least 1 mm (Fig. 1) . The other specimens were discarded. In total, two X-rays were taken from each specimen.
In both SD and DD groups, flat dentin surfaces were polished with 400 grit silicon carbide papers (English Abrasives Ltd, London, England) under water-cooling and then rinsed thoroughly in order to create bonding surfaces covered with smear layers [29] . Subsequently, bonding procedures were carried out.
While for the conventional resin cements, the corresponding manufacturer's etchant, primer, and/or adhesive system was used, for the simplified cements, the corresponding manufacturer's primer was used. Resinmodified glass-ionomer acted as the control group (Table 3) . After conditioning the dentin surfaces, the cements were adhered incrementally with a hand instrument on the dentin surfaces using polyethylene moulds (inner diameter 3.5 mm, height 5 mm) (Fig. 2a) . The mould was removed gently after the cement was polymerized (Fig. 2b) . The specimens were kept at 37°C for 24 h and then aged in a thermocycling device (Willytec, Gräfelfing, Germany) between 5-55°C for 500 times (dwell time 30 s, transfer time from one bath to the other 5 s). The teeth were maintained wet at all times during all procedures except during X-rays. Specimens were then mounted in the apparatus of the Universal Testing Machine (Zwick ROELL Z2.5 MA 18-1-3/ 7, Ulm, Germany), and the force was applied to the adhesive interface until failure occurred. The load was applied with a 50 kg load cell to the substrate-adherend interface using a shearing blade with a 45°inclination at the tip, at a crosshead speed of 1 mm/min, and the stress-strain curve was analyzed with the software program (TestXpert®, Zwick ROELL, Ulm, Germany).
Statistical analysis was performed using SPSS 11.0 software for Windows (SPSS Inc., Chicago, IL, USA). When significant differences were found between or within groups, Scheffé F test was used to determine the differences. Because the data for bond strength was not normally distributed according to Levene test, Kruskal-Wallis and Mann-Whitney non-parametric tests were used. P values less than 0.05 were considered to be statistically significant in all tests. Spontaneous debondings during thermocycling was considered as 0 MPa.
Results
The mean bond strength values for the tested cements at two levels of dentin are presented in Table 4 .
During thermocycling, Clearfil Esthetic Cement group had 2, Multilink Automix, Panavia F 2.0, Bifix QM, SuperBond C&B and Ketac-Fil had 1 spontaneous debondings. These specimens were considered as 0 MPa.
While resin cement type had a significant effect on the bond strength results (p<0.05), the level of dentin did not affect the results significantly (p>0.05).
On the superficial dentin, Variolink II, Bifix QM and Super-Bond C&B showed significantly higher bond results than those of other cements (p<0.05). Within individual cement groups, all cements except Variolink II (p<0.05), showed no significant difference between SD and DD (p>0.05).
On the DD, Bifix QM and Super-Bond C&B showed significantly higher bond results than those of other cements (p<0.05) being not significant from one another (p>0.05).
Discussion
This study compared the adhesion of different conventional and simplified resin cements with their corresponding adhesives/primers on SD and DD. Since the level of dentin depth did not affect the results except for Variolink II, the first hypothesis could be partially accepted. Resin cements having "etch-and-rinse" adhesive systems (Variolink II, Bifix QM and Super-Bond C&B) delivered significantly higher results than those of other cements tested. Hence, the second hypothesis could be accepted. One possible explanation for the differential behavior of Variolink II on both SD and DD may stem from the composition and nature of its water-based primer, Syntac. In this system, the dentin surface remains in a moist state that prevents the collapse of unsupported collagen and promote primer-resin infiltration [30] . Reis et al. [30] have demonstrated that the moisture degree of dentin was effective on the bond strength of luting systems. By monitoring the amount of water used to rewet air-dried dentin surface, they showed that etch-and-rinse adhesive systems achieve optimal bond strengths at different moisture degrees that is usually depended on the solvent present in each system. Their data, confirmed in a quantitative manner, indicated that water-based systems require a rather drier dentin surface while acetone-based systems require a rather wetter dentin surface for improved bond strengths.
Since etching dentin separately would result in higher interaction with dentin and due to their lower hydrophilicity, it can be stated that "etch-and-rinse" adhesive systems compensate for other factors and lead to higher bond strength of the resin cements to dentin [31] . The "etch-and-rinse" adhesives require a moist substrate for optimal bonding [32] , making it highly sensitive since the collapse of over-dried, exposed collagen acts as a difficult substrate for the monomer infiltration. However, this also indicates that in the case of increased dentin wetness, which occurs when dentin depth increases, an overly wet condition may be created [33] . This makes three-step "etch-and-rinse" adhesives more technique sensitive compared to self-etch adhesive types. That however did not Fig. 1 Sketch of the position of superficial and deep dentin in relation to the cusp tips and pulp horns. Note that 1 mm below superficial dentin was considered as deep dentin. With X-rays, it was made sure that dentin was available at least 1 mm above the pulp horns affect our findings, as the operator was careful in maintaining ideal bonding conditions for the adhesive. Thus, the results of our study suggest that when wet technique is meticulously followed, SD is a favorable substrate for the "etch-and-rinse" system. In the DD, similar observations were made in this study except for Variolink II. The components of this cement had to be mixed by hand. This technique is more sensitive than using dispenser syringes which could be one of the reasons for lower results [34] . On the other hand, although Super-Bond C&B was also hand mixed, superior results were obtained on both SD and DD. This could be attributed to better degree of conversion in this chemically polymerized cement compared to photopolymerized ones [35] .
The etching duration and etching agents showed variations among the materials tested. The etching medium was in three of the cements 37-40% H 3 PO 4 (Variolink II, Bifix QM, Panavia F 2.0) except for Super-Bond C&B where 10% citric acid-3% ferric chloride (10-3) was used. It has been previously reported that a 4-META/MMA resin, when initiated with oxidized tri-n-butylborane (TBBO), provides excellent adhesion to dentin when the dentin surface is pre-treated with citric acid solution containing ferric chloride [36] . Ferric ions play a role in stabilizing dentin collagen during acid conditioning [36] . The bond strength between dentin and MMA resin was significantly improved with the combination of ferric chloride adsorbed onto dentin and TBBO [36, 37] . Furthermore, when the polymerization initiates at the dentin-resin interface, polymerization shrinkage can be minimized resulting in better adhesion.
The self-etching primers eliminate the technique-sensitive rinsing step to remove the phosphoric acid from dentin. However, the most efficient self-etching adhesives are based on strongly acidic adhesive monomers. Most of the currently available self-etching adhesives are methacrylate-based with a pH value in the range of 1.5-2.5. Under these strong acidic conditions, esters such as triethyleneglycol dimethacrylate (TEGDMA) as in Clearfil Eshetic cement and methacryloyloxydecyl dihydrogen phosphate (MDP) as in Panavia F 2.0 are hydrolytically degraded [38] . The degradation of the adhesive influences the bond strength negatively. This may explain the lower bond strengths for simplified resin cements (Mutlilink Automix and Clearfil Esthetic Cement) used in this study. Also, storage conditions of self-etch adhesives have been reported to have an influence on the performance of such materials [39] . Such materials are recommended to be stored cold or at least below 20°C. The materials have been used in this study within 3 months upon delivery from manufacturers. They all had expiry dates of at least one more year when the experiments were commenced. They were kept in a fridge at 6°C and were brought to the room temperature prior to the experiments. Therefore, this param- eter is not expected to have an influence on the results. This however may not apply to materials other than those studied in this study. Bonding to DD has been expected to be more challenging than to SD mainly due to the reduced area of solid intertubular dentin associated with the increased water content. One recent study indicated that tubular density and tubular cross-sectional area were in fact not significantly different in deep and coronal dentin [40] . This could be one reason for the insignificant differences between SD and DD. It should however be noted that the pulpal pressure was not simulated in this study. Positive intrapulpal pressure has been regarded to as detrimental to the bonding process [41] . The presence of pulpal fluid under pressure in vital dentin could be an important factor influencing adhesive bonding to dentin. In the case of simulation of intrapulpal pressure, confocal laser scanning microscopy examination revealed a distinctly shallower penetration of the adhesives into dentin compared to the specimens treated without intrapulpal pressure [42] . Nevertheless, although technically, pulpal pressure simulation is not easy, future studies may consider the impact of this aspect on the adhesion of resin cements in especially in deep dentin.
In order to simulate the clinical aging factor, all specimens were thermocycled in this study. Thermal stresses generate stresses due to differences in the coefficient of thermal expansions of the cement and can result in bond failure at the tooth-restorative interface [43] . Another possibility for the decrease in bond strength after thermocycling could be attributed to increased water absorption or solubility of the composite, or both. Not all studies support these outcomes [43] . The results of this study at least for Panavia F 2.0 and Superbond C&B was lower than a previous study (29 to 31 MPa for SD and 10 to 18 MPa for DD, respectively) where tensile test was used and no thermocycling was practiced [9] . In that study, even though Panavia F 2.0 was polymerized in the self-curing mode, the results were higher than this study. In another study by Melo et al. microtensile test method was used to study the bond strength of Panavia F 2.0 and Multilink Automix to dentin in their dual-polymerized versions in combination with either self-etching adhesive system or three-step etchand-rinse adhesive system [31] . Although only superficial dentin was used in that study and no aging regimens were practiced, both cements delivered significantly higher results with the three-step etch-and-rinse adhesive system (Panavia F 2.0, 34.4 MPa; Multilink Automix, 33 MPa). The results with both three-step etch-and-rinse adhesive system and self-etching adhesive systems were also considerably higher than those of the results obtained from SD group in this study. In the study of Melo et al. [31] , Multilink Automix cement in combination with self-etching adhesive presented more than 50% pre-test failures. These were not considered as 0 MPa, which might be explained why the results were also high with this cement. The discrepancy in the results of these studies and those of this study could therefore be attributed to the differences in the test methods. Tensile bond strength tests tend to deliver higher results compared to shear test [44] .
Effect of prolonged thermocycling could be studied in the future but already after short-term thermocycling, lower results were obtained with the simplified resin cements. During thermocycling process, with some cement systems, further polymerization and thereby increased degree of conversion could be observed. For this reason, short and Fig. 2 a Cement was applied incrementally in the polyethylene molds, not exceeding 2 mm, and polymerized accordingly. b Bonded cement on the dentin surface after removal of the mold long-term thermocycling in the same study may bring additional information on the conversion behavior of such cements. It should also be noted that in this study, spontaneous debondings during thermocycling were considered as 0 MPa. Such failures may have various origins. They can be either as a result of either cement adhesion failures or technical failures. When the cement does not wet the substrate surface properly, some unadhered areas could be observed which may initiate the failure. In our laboratory protocol, after debonding, the adhered surfaces are evaluated for a possible defect. When the adhered surfaces of the cements were evaluated, in none of the cases were any airbubbles observed.
From the clinical point of view, the depth of dentin could not be controlled during tooth preparation. Therefore, clinically, the cements that adhere well both to SD and DD should be of choice. In this study, at least 1 mm was maintained between the DD and the pulp horns. The variations in this distance may affect the results. In this study, flat dentin surfaces were polished with 400 grit silicon carbide papers under water-cooling and then rinsed thoroughly in order to create bonding surfaces covered with smear layers [29] , but 600 grit silicon carbide papers may modify the smear layer similar to tooth cutting and affect the results [45] .
Different tests can be used to define adhesive strength on dentin. The results of this study can be used for screening purposes but further studies using microtensile test method need to verify the findings of this study. In vitro studies on adhesion tests present some limitations since the cements are directly polymerized without considering the presence of pulpal pressure, cementation pressure, thickness of the crown, and light transmission of the material of the crowns. Nevertheless, in vitro studies still do serve for ranking the materials within one study.
Conclusions
Within the limitations of the present research, the following can be concluded:
1. On the superficial dentin, bond strength of the tested cements showed more favorable results when their corresponding adhesive system was based on "etchand-rinse" system (Variolink II, Bifix QM) (p≤0.05).
Chemically polymerized cement, Super-Bond C&B also showed similar results with Variolink II, Bifix QM (p≥0.05). 2. Simplified resin cements and resin-modified glassionomer cement showed the lowest results being not significant from one another (p≥0.05).
3. On both superficial and deep dentin, dual-polymerized Bifix QM and chemically polymerized Super-Bond C&B performed equally well (p≥0.05).
